Abstract. The recently observed variability in the tropical tropopause layer (TTL), which features a warming of 0.9 K over the past decade (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011), is investigated with a number of sensitivity experiments from simulations with NCAR's CESM-WACCM chemistry-climate model. The experiments have been designed to specifically quantify the contributions from natural as well as anthropogenic factors, such as solar variability (Solar), sea surface temperatures (SSTs), the quasi-biennial oscillation (QBO), stratospheric aerosols (Aerosol), greenhouse gases (GHGs) and the dependence on the vertical resolution in the model. The results show that, in the TTL from 2001 through 2011, a cooling in tropical SSTs leads to a weakening of tropical upwelling around the tropical tropopause and hence relative downwelling and adiabatic warming of 0.3 K decade −1 ; stronger QBO westerlies result in a 0.2 K decade −1 warming; increasing aerosols in the lower stratosphere lead to a 0.2 K decade −1 warming; a prolonged solar minimum contributes about 0.2 K decade −1 to a cooling; and increased GHGs have no significant influence. Considering all the factors mentioned above, we compute a net 0.5 K decade −1 warming, which is less than the observed 0.9 K decade −1 warming over the past decade in the TTL. Two simulations with different vertical resolution show that, with higher vertical resolution, an extra 0.8 K decade −1 warming can be simulated through the last decade compared with results from the "standard" low vertical resolution simulation. Model results indicate that the recent warming in the TTL is partly caused by stratospheric aerosols and mainly due to internal variability, i.e. the QBO and tropical SSTs. The vertical resolution can also strongly influence the TTL temperature response in addition to variability in the QBO and SSTs.
Introduction
The tropical tropopause layer (TTL) is the transition layer from the upper troposphere to the lower stratosphere in the tropics, within which the air has distinct properties of both the troposphere and the stratosphere. The vertical range of the TTL depends on how it is defined, i.e. it can be a shallower layer between 14 and 18.5 km (Fueglistaler et al., 2009) or a deeper layer of about 12-19 km (Gettelman and Forster, 2002; SPARC-CCMVal, 2010, chapter 7) . As a key region for the stratosphere-troposphere coupling, the TTL acts like a "gate" for air entering into the stratosphere from the tropical troposphere. The temperature in the TTL is determined by the combined influences of latent heat release, thermally as well as dynamically driven vertical motion and radiative cooling (Gettelman and Forster, 2002; Fueglistaler et al., 2009; Grise and Thompson, 2013) . The thermal structure, static stability and zonal winds in the TTL affect the two-way interaction between the troposphere and the stratosphere (Flury et al., 2013; Simpson et al., 2009 ) as well as the surface climate, since the relative minimum temperature (usually known as the cold point tropopause) subsequently influences the radiation and water vapour budget (Andrews, 2010) . The TTL reacts particularly sensitively to anthropogenically induced radiative, chemical and dynamical forc-
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ings of the climate system and hence is a useful indicator for climate change (Fueglistaler et al., 2009) .
Over the past decade, a remarkable warming has been captured by Global Positioning System Radio Occultation (GPS-RO) data in the TTL region (Schmidt et al., 2010; Wang et al., 2013) . This might indicate a climate change signal, with possible important impacts on stratospheric climate: e.g. tropical tropopause temperatures dominate the amount of water vapour entering the stratosphere (Dessler et al., 2013 (Dessler et al., , 2014 Gettelman et al., 2009; Randel and Jensen, 2013) . So far a long-term cooling in the lower stratosphere has been reported from the 1970s to 2000, although there are large differences between different data sets (Randel et al., 2009; Wang et al., 2012; Fueglistaler et al., 2013) . The exact reason for the recent warming is therefore of great interest. An interesting issue is also whether this warming will continue or change in sign in the future and how well climate models can reproduce such a strong warming over 1 decade or longer time periods.
Based on model simulations, Wang et al. (2013) suggested that the warming around the tropical tropopause could be a result of a weaker tropical upwelling, which implies a weakening of the Brewer-Dobson circulation (BDC). However, the strengthening or weakening of the BDC is still under debate (Butchart, 2014 , and references therein). Results from observations indicate that the BDC may have slightly decelerated (Engel et al., 2009; Stiller et al., 2012) , while estimates from a number of chemistry-climate models (CCMs) show in contrast a strengthening of the BDC (Butchart et al., 2010; Li et al., 2008; Butchart, 2014) . The reason for the discrepancy between observed and modelled BDC changes, as well as the mechanisms of the BDC response to climate change, is still under discussion (Oberländer et al., 2013; Shepherd and McLandress, 2011) . The trends in the BDC may be different in different branches of the BDC (Lin and Fu, 2013; Oberländer et al., 2013) . Bunzel and Schmidt (2013) show that the model configuration, i.e. the vertical resolution and the vertical extent of the model, can also impact trends in the BDC.
There are a number of other natural and anthropogenic factors besides the BDC which influence radiative, chemical and dynamical processes in the TTL. One prominent candidate for natural variability is the sun, which provides the energy source of the climate system. The 11-year solar cycle is the most prominent natural variation on the decadal timescale (Gray et al., 2010) . Solar variability influences the temperature directly through radiative effects and indirectly through radiative effects on ozone and dynamical effects. The maximum response in temperature occurs in the equatorial upper stratosphere during solar maximum conditions, and a distinct secondary temperature maximum can be found in the equatorial lower stratosphere around 100 hPa (SPARC-CCMVal, 2010; Gray et al., 2010) .
Sea surface temperatures (SSTs) also influence the TTL by affecting the dynamical conditions and subsequently the propagation of atmospheric waves and hence the circulation. Increasing tropical SSTs can enhance the BDC, which in turn cools the tropical lower stratosphere through enhanced upwelling Thompson, 2012, 2013; Oberländer et al., 2013) . The quasi-biennial oscillation (QBO) is the dominant mode of variability throughout the equatorial stratosphere and has important impacts on the temperature structure as well as the distribution of chemical constituents like water vapour, methane and ozone (Baldwin et al., 2001) . Beside the switch between easterlies and westerlies with a period of about 28 months, the QBO undergoes some cycleto-cycle variability, e.g. variations in period and amplitude and shifts to westerlies or easterlies, which may influence the long-term variability in the TTL (Kawatani and Hamilton, 2013) . Stratospheric aerosols absorb outgoing long-wave radiation and lead to additional heating in the lower stratosphere, which maximizes around 20 km (Solomon et al., 2011; SPARC-CCMVal, 2010, chapter 8) .
While greenhouse gases (GHGs) warm the troposphere, they cool the stratosphere at the same time by releasing more radiation into space. Warming of the troposphere and cooling of the stratosphere affect the temperature in the TTL directly, as well as indirectly, by changing chemical trace gas distributions and wave activities (SPARC-CCMVal, 2010) .
In climate models, a sufficient high vertical resolution is important in order for models to correctly represent dynamical processes, such as wave propagation into the stratosphere and wave-mean flow interactions. High vertical resolution is also important to generate a self-consistent QBO (Richter et al., 2014) . Meanwhile, vertical resolution is essential for a proper representation of the thermal structure in the model: e.g. models with coarse vertical resolution can not simulate the tropopause inversion layer (a narrow band of temperature inversion above the tropopause associated with a region of enhanced static stability) well SPARC-CCMVal, 2010, chapter 7) . Coarse vertical resolution is also still a problem for analysing the effects of El-Niño Southern Oscillation (ENSO) and the QBO onto the tropical tropopause (Zhou et al., 2001; SPARC-CCMVal, 2010, chapter 7) .
In this study we use a series of simulations with NCAR's Community Earth System Model (CESM) model (Marsh et al., 2013) to quantify the contributions of the above discussed factors -Solar, SSTs, QBO, Aerosol and GHGs -to the recently observed variability in the TTL.
The details of the observational data, the model and numerical experiments, as well as a description of our methods, are given in Sect. 2. The observed temperature variability in the TTL and the contributions of various factors to the recent TTL variability are addressed in Sect. 3. Section 4 focuses on the importance of the vertical resolution in one climate model. The summary and discussion are presented in Sect. 5. The model used here is NCAR's CESM version 1.0. CESM is a fully coupled model system, including an interactive ocean (POP2), land (CLM4), sea ice (CICE) and atmosphere (CAM/WACCM) component (Marsh et al., 2013) . As the atmospheric component we use the Whole Atmosphere Community Climate Model (WACCM), version 4. WACCM4 is a CCM with detailed middle atmospheric chemistry and a finite volume dynamical core, extending from the surface to about 140 km (Marsh et al., 2013) . The standard version has 66 (W_L66) vertical levels, which means about 1 km vertical resolution in the TTL and in the lower stratosphere. All simulations use a horizontal resolution of 1.9
• × 2.5
• (latitude × longitude) for the atmosphere and approximately 1 • for the ocean. Table 1 gives an overview of all coupled CESM simulations. A control run was performed from 1955 to 2099 (Natural run hereafter) with all natural forcing including spectrally resolved solar variability (Lean et al., 2005) SPARC-CCMVal, 2010 ) and a nudged QBO. The QBO is nudged by relaxing the modelled tropical zonal winds to observations between 22 • S and N, using a Gaussian weighting function with a half width of 10 • decaying latitudinally from the equator. Full vertical relaxation extends from 86 to 4 hPa, which is half the strength of the level below and above this range and 0 for all other levels (see details in Matthes et al., 2010; Hansen et al., 2013) . The QBO forcing time series in CESM is determined from the observed climatology of 1953-2004 via filtered spectral decomposition of that climatology. This gives a set of Fourier coefficients that can be expanded for any day and year in the past and the future. Anthropogenic forcings like GHGs and ozone-depleting substances (ODSs) are set to constant 1960s conditions. Using the Natural run as a reference, a series of four sensitivity experiments were performed by systematically switching on or off several factors. The SolarMean run uses constant solar cycle values averaged over the past four observed solar cycles. The FixedSST run uses monthly varying climatological SSTs calculated from the Natural run and therefore neglects variability from varying SSTs such as ENSO. In the NOQBO run the QBO nudging has been switched off which means weak zonal mean easterly winds develop in the tropical stratosphere. An additional simulation, RCP85, uses the same forcings as the Natural run but in addition includes increases in anthropogenic GHGs and ODSs forcings. These forcings are based on observations from 1955 to 2005, after which they follow the representative concentration pathways (RCPs) RCP8.5 scenario (Meinshausen et al., 2011).
WACCM atmospheric stand-alone simulations
Instead of using the fully coupled CESM-WACCM version, WACCM can be integrated in an atmospheric stand-alone configuration with prescribed SSTs and sea ice. Beside the standard version with 66 vertical levels (W_L66), we have also performed simulations with a finer vertical resolution, with 103 vertical levels and about 300 m vertical resolution in the TTL and lower stratosphere (W_L103) (Gettelman and Birner, 2007; Wang et al., 2013) .
With the atmospheric stand-alone version, an ensemble of three experiments was performed over the recent decade 2001-2010 with both WACCM versions (W_L66, W_L103) (see Table 2 ). Observed SSTs and spectrally resolved solar fluxes were used to produce the most realistic simulations of atmospheric variability over the past decade (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The QBO is nudged using the same method as in the fully coupled runs discussed above. GHGs and ODSs are based on observations for the first 5 years (2001) (2002) (2003) (2004) (2005) and then follow the IPCC RCP4.5 scenario for the next 5 years (2005) (2006) (2007) (2008) (2009) (2010) , since no observational data were available when the simulations were started. Atmospheric aerosols were relatively constant between 2001 and 2010 since no strong volcanic eruptions occurred and are the same as in the CESM-WACCM runs described above. All the forcings considered in this study are available from the CESM model input data repository (https://svn-ccsm-inputdata.cgd.ucar. edu/trunk/inputdata/). An additional run (W_Aerosol) was performed using the W_L103 version with more realistic observed stratospheric aerosol forcing from the ChemistryClimate Model Initiative (CCMI, http://www.met.reading.ac. uk/ccmi/). 
Estimation of factor contributions
For a pair of reference and single-factor runs (e.g. Natural and SolarMean), all configuration and drivers are the same except for the long-term variability of the respective factor (e.g. Solar). Temperature differences T diff (x, t) between the reference and single-factor runs (e.g. Natural -SolarMean) can be estimated by a linear regression:
where T est (x, t) is an estimate of T diff (x, t) at each grid point (x) and each simulation time (t). X(t) is the time series of the respective factor (e.g. Solar) and c(x) are the coefficients of that factor at each grid point. Then the contributions of that factor to the recent warming in the TTL can be estimated as
where T fac (x) represents the factor contribution to the recent temperature trend, c(x) are the coefficients and b fac is the observed linear trend of that factor during 2001-2011 ( Fig. 1) . The standard error (SE) can be used to estimate the uncertainty of the regressed coefficients c(x), which is defined by
where n is the sample size, e = T diff − T est are the residuals and X is the mean value. n eff is the effective number of degrees of freedom, with consideration of the effect of autocorrelation, which is determined by
where r a is the lag-1 autocorrelation coefficient (Wigley, 2006) . For the estimated coefficients c, the test statistics
has the Student's t distribution with n eff − 2 degrees of freedom.
Beside the regressions described above, the Pearson's correlations (r) between temperature differences (T diff ) and the respective factor (X) were also estimated. The test statistics
has the Student's t distribution with n eff − 2 degrees of freedom, and the effective number of degrees of freedom can be estimated by
where r a1 , r a2 are the lag-1 autocorrelation coefficients of the two time series in calculating the Pearson's correlation respectively. Such regressions, correlations and 11-year trend estimations were applied to all factors, i.e. Solar, SSTs, QBO, GHGs and stratospheric aerosols.
Special attention is given to the region 20 • S-20 • N latitude and 16-21 km height, which is mainly the observed warming area in the TTL (see below). Hereafter, we use the average trend over this area to discuss the exact contribution of every factor to the temperature trend in the TTL. Observations of the solar variability show that the total solar irradiance (TSI) exhibits a clear 11-year solar cycle variation of about 1 W m −2 between sunspot minimum (S min ) and sunspot maximum (S max ) in the past (Gray et al., 2010) . The future projection in the Natural run is a repetition of the last four observed solar cycles (Fig. 1a, blue line) . With a delayed and smaller amplitude return to maximum conditions, the observed TSI significantly (over 95 %) decreased during [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] (Fig. 1a, straight black line) . (Marsh et al., 2013; Meehl et al., 2012) . The QBO variations are represented by a pair of orthogonal time series QBO1 and QBO2, which are constructed from the equatorial zonal winds over 70-10 hPa (Randel et al., 2009) . The observed QBO2 (data from the FU Berlin: http://www.geo.fu-berlin.de/en/met/ag/strat/ produkte/qbo/index.html), which is the dominate mode of QBO in the tropical lower stratosphere, shows an increase (a shift towards westerlies or stronger westerlies) during 2001-2011 (Fig. 1c, straight black line) . Note that this short-term linear trend of the QBO2 is sensitive to the start and ending years. However, a further analysis for 2001-2012 ending with a relative minimum of QBO2 confirms this significant increase of QBO2 (not shown).
Forcings in observations and model simulations
As shown in Fig. 1d , GHGs show a steady increase after 2001. The increasing rate of global CO 2 release from 2001 to 2011 is close to the RCP8.5 scenario.
Similar to the GHGs, observed stratospheric aerosols (aerosol optical depth, AOD) have been steadily increasing since 2001 (Solomon et al., 2011) in the lower stratosphere (18-32 km) (Fig. 1e) . This increase in stratospheric aerosol loading is attributed to a number of small volcanic eruptions and anthropogenically released aerosols transported into the stratosphere during the Asian Monsoon (Bourassa et al., 2012; Neely et al., 2013 ). An aerosol data set has been constructed for the CCMI project (ftp://iacftp.ethz.ch/pub_read/ luo/ccmi/) and is similar to the data described by Solomon et al. (2011) . The comparison of the two experiments with different AOD data sets will shed light on the stratospheric aerosol contribution to the observed temperature trend.
All natural and anthropogenic forcings will be discussed with respect to their contribution to the temperature variability in TTL in the following section. Figure 2 shows the latitude-height section of the linear temperature trends for the period 2001-2011 estimated from GPS-RO observations (see details of the GPS-RO data in Wang et al., 2013) . A remarkable and statistically significant warming occurs around the TTL between about 20 • south to north and from 16 to 21 km height. The warming in the TTL is 0.9 K decade −1 on average, with a maximum of about 1.8 K decade −1 directly at the tropical tropopause around 17 to 18 km. This figure is an extension of earlier work by Schmidt et al. (2010) and Wang et al. (2013) and shows an unexpected warming, despite the steady increase in GHGs. Therefore it is interesting to study whether this warming is simply a phenomenon of the past decade and the result of internal atmospheric variability, or whether it will persist for longer and therefore modify trace gas transport from the troposphere into the stratosphere.
Quantification of observed temperature variability

Observed temperature variability in the TTL
Note that this decadal warming in the TTL may vary in magnitude when different end years are selected due to the relative short length of the time series. The warming is weaker if end years of 2012 or 2013 are chosen (see also Figs. S1 and S2 in the Supplement). In the following investigations, we keep the period from 2001 through 2011 to be most consistent with our stand-alone WACCM simulations (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . We will explain the temperature variability within a time period of about one decade. This decadal variability may change sign from decade to decade if it is mainly caused by natural/internal variability. However, it is still very important to understand the reasons and mechanisms behind these internal variability modes as it might eventually enhance our decadal to multi-decadal predictive skills. Figure 3a and b show the correlation between temperature differences (Natural -SolarMean) with solar forcing (TSI) in the Natural run over the whole simulation period from 1955 through 2099, as well as the estimated temperature trends during 2001 through 2011 related to a decreasing TSI. The correlation between temperature differences and TSI is relatively weak, amounts to less than 0.1 in the TTL region and is a little higher and more significant in the lower stratosphere. With such a weak positive correlation, the decreasing solar irradiance contributed to a cooling of about 0.2 K decade on average (0.6 K decade −1 in maximum) in the TTL during 2001-2011 (Fig. 4c) .
Contribution of solar variability
Contribution of tropical SSTs
Contribution of the QBO
As described in Sect. 2.5, a pair of orthogonal time series of the QBO are used in the regression between temperature differences (Natural -NOQBO) and the QBO from the Natural run. Since the QBO1 mainly affects temperature in the middle and upper stratosphere, only the QBO2 correlation and impacts are shown in TTL. Another effect of the QBO is the statistically significant cooling trend seen in the tropical middle stratosphere above 23 km. This QBO effect may help to explain the observed tropical cooling (see Fig. 2 ). However, CESM1.0 used for these simulations cannot generate a self-consistent QBO and hence uses wind nudging, which might cause problems when estimating QBO effects on temperature variability in the tropical lower stratosphere (Marsh et al., 2013; Morgenstern et al., 2010) .
Contribution of GHGs
As expected, GHGs show strong positive correlations with temperatures in the troposphere and significant negative correlations with temperatures in the stratosphere, with a switch of sign near the tropopause (about 18 km, Fig. 6a ). Increasing GHGs in the RCP85 experiment tend to cool the lower stratosphere and warm the upper troposphere, but have no evident contribution around the tropopause (with a change of correlation sign at about 18 km, Fig. 6b ). This is consistence with previous studies (e.g. Kim et al., 2013) , which confirmed a warming at 100 hPa (below the tropopause) and a cooling at 70 hPa (above the tropopause) due to the increase of GHGs in CMIP5 (Coupled Model Intercomparison Project Phase 5) simulations.
Contribution of stratospheric aerosols
The correlations between temperature differences (W_Aerosol -W_L103) with CCMI stratospheric aerosols, as well as the contributions of increasing stratospheric aerosols to the recent warming in the TTL are shown in Fig. 7a and b respectively. Weak but partly significant correlations of stratospheric aerosols to temperature in the TTL can be found in Fig. 7a, with warming in the TTL (Fig. 7b) . Note that there may exist uncertainties for this result since we have only 10 years of simulations for the W_Aerosol run.
Effects of the vertical resolution
To estimate not only anthropogenic and natural contributions to the recent TTL temperature variability but also the effects of the vertical resolution in the model, Fig. 8 shows the temperature trends in both the standard (W_L66) and the high vertical resolution (W_L103) runs, as well as their differences. The W_L103 run (Fig. 8b) shows a statistically significant 0.5 K decade −1 warming on average over the past decade around the TTL, which maximizes at 1.2 K decade −1 . The standard W_L66 run (Fig. 8a) does not capture the warming. The only difference between the two experiments is the vertical resolution, meaning that a higher vertical resolution captures the warming in the TTL better than the standard vertical resolution, reaching up to 0.8 K decade ( Fig. 8c) . Wang et al. (2013) showed that the tropical upwelling in the lower stratosphere has weakened over the past decade in the W_L103 run, while there is no significant upwelling trend in the standard vertical resolution (W_L66) run. The decreasing tropical upwelling in the W_L103 run might be the reason for the extra warming in the TTL compared to the W_L66 run, since dynamical changes would lead to adiabatic warming. More detailed investigations will be given in the following section.
Changes in the Brewer-Dobson circulation
To investigate dynamical differences between the two experiments with standard and higher vertical resolution in more detail, the transformed Eulerian mean diagnostic (Andrews et al., 1987) was applied to investigate differences in the wave propagation and BDC in the climatological mean as well as in the decadal trend. Figure 9 shows the annual mean climatology of the BDC (arrows for the meridional and vertical wind components), the zonal mean zonal wind (blue contour lines) and the temperature (filled colours) from the W_L103 run (Fig. 9a) , as well as the differences between the W_L103 and the W_L66 runs (Fig. 9c) . The BDC shows an upwelling in the tropics and a downwelling through middle to high latitudes in the annual mean. With finer vertical resolution (W_L103) the model produces a stronger upwelling in the tropics (and a consistent cooling) up to the tropopause region, with westerly wind anomalies above. This strengthened tropical upwelling cannot continue further up because of the westerly wind anomalies which block the transport into the subtropics (Simpson et al., 2009; Flannaghan and Fueglistaler, 2013) . Above the tropical tropopause there is less upwelling and in particular more transport from the subtropics into the tropical TTL, leading to a stronger warming around 19 km in the W_L103 experiment. These changes in the BDC indicate a strengthening of its lower branch and a weakening at upper levels in the lower stratosphere (Lin and Fu, 2013) . This is consistent with a previous work by Bunzel and Schmidt (2013) which indicates a weaker upward mass flux around 70 hPa in a model experiment with higher vertical resolution. The annual mean trends in the W_L103 experiment indicate a further strengthening of the BDC lower branch over the past decade in this simulation (Fig. 9b) and a statistically significant weakening in the lower stratosphere resulting in significant warming of 1 to 2 K decade −1 in the TTL. In particular the trends in the TTL are stronger in the W_L103 compared to the W_L66 experiment (Fig. 9d) .
In summary, the finer vertical resolution can enhance the upward wave propagation from the tropics. This enhanced wave propagation speeds up the lower branch of the BDC in the upper troposphere and slows down the upper branch of the BDC in the lower stratosphere. These changes in the BDC and corresponding wave-mean flow interactions (not shown) finally result in the statistically significant warming in the TTL. Bunzel and Schmidt (2013) attributed the differences in the BDC to different vertical resolutions which tend to reduce the numerical diffusion through the tropopause and the secondary meridional circulation. Our results show that the strong warming and subsequent enhanced static stability (not shown) above the tropopause may also influence wave dissipation and propagation around the tropopause. Oberländer et al. (2013) point out that an increase of tropical SSTs enhances the BDC. This is consistent with our results, which show a weakening of the BDC in the lower stratosphere following a decrease in tropical SSTs. At the same time, this response of the stratosphere to the surface can be better represented by a model with finer vertical resolution.
Summary and discussion
Based on a series of sensitivity simulations with NCAR's CESM-WACCM model, the relationships between different natural (solar, QBO, tropical SSTs) and anthropogenic (GHGs, ODS) factors and temperatures around TTL, as well as their contributions to the observed warming of the TTL over the past decade from 2001 through 2011, have been studied. By regressing the temperature differences between model experiments to the respective factors for the whole simulation periods between 1955 and 2099 and projecting the regressed coefficients onto the observed trends of the respective factor during 2001-2011, the contribution of each factor has been quantified in order to explain the causes of the observed recent decadal variability seen in GPS-RO data.
The SSTs show strong significant negative correlation (−0.5) with temperatures in the TTL, while the QBO2 shows a reversed pattern (0.6). The TSI and stratospheric aerosols result in weak positive correlations (0.1-0.2) with TTL temperatures. GHGs show positive correlations with temperatures in the troposphere and negative correlations with temperatures in the stratosphere, while there is no significant correlation around the tropopause.
A decrease in tropical SSTs, an increase in stratospheric aerosol loading and stronger QBO westerlies contribute each about 0.3, 0.2 and 0.2 K decade −1 to this warming respectively, resulting in a total 0.7 K decade −1 warming, while the delay and smaller amplitude of the current solar maximum contribute about 0.2 K decade −1 to cooling. Adding all natural and anthropogenic factors, we estimate a total modelled warming of 0.5 K decade −1 around the TTL (Table 3) , which is less than the observed 0.9 K decade −1 warming from GPS-RO data. One possible reason of this weak estimate is the relative low vertical resolution of the model, which strongly influences the TTL response to the surface mainly via dynamical changes, i.e. an enhancement of the lower branch of the BDC and a decrease of the upper branch in the lower stratosphere in response to decreasing tropical SSTs. This leads to a 0.8 K decade −1 extra warming in the TTL in the finer vertical resolution experiment as compared to the standard vertical resolution. However, in reality non-linear interactions between the different factors occur which we did not take into account in our first-order linear approach. The comprehensive impact of all factors on the recent TTL warming can be estimated by the W_Aerosol run. The W_Aerosol run, with almost all observed forcings considered in this study, can be seen as the most realistic simulation. The TTL warming in the W_Aerosol run is on average 0.9 K decade −1 and maximum 1.6 K decade −1 (Fig. 7b) , both of which are very close to the observed trend.
According to our experiments, one of the primary factors contributing to the recent warming in the TTL is the natural variability in tropical SSTs. However, the mechanism of the TTL response to SSTs awaits further investigation. One key issue is how much improvement we can expect from using a fully coupled ocean-atmosphere model instead of atmosphere-only model with prescribed SSTs. Our W_L66 and W_L103 simulations indicate that the atmosphere-only model may not correctly reproduce the response of TTL variability to SST, but can be improved with finer vertical resolution.
Another important factor in contributing to the recent warming in the TTL is the QBO. The QBO is closely related to the tropical upwelling Flury et al. (2013) . A regression of temperature differences onto the differences in the vertical component of BDC between the Natural and NOQBO run shows a very similar result than the regression of temperature differences onto the QBO time series (not shown). The QBO may influence the TTL temperature by modifying the BDC. Figure S3 clearly shows decadal to multidecadal fluctuations in TTL temperatures from both the Modern Era Retrospective-analysis for Research and Applications (MERRA) reanalysis data and our Natural and RCP85 runs, which provide strong support to the internal variability dominated TTL warming over the past decade.
The external forcings (solar, GHGs, ODS) contribute relatively little to the temperature variability in the TTL, except for the stratospheric aerosols. Internal variability, i.e. the QBO and tropical SSTs, seem to be mainly responsible for the recent TTL warming.
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